Motivation: Structural studies of TM domains of single-spanning (bitopic) membrane proteins are impeded by their instability, flexibility and heterogeneity. The new computational method TMDOCK allows reliable modeling of homodimers of transmembrane (TM) a-helices on a proteomic scale.
Introduction
Single-spanning transmembrane (TM) proteins (i.e. bitopic) represent the most abundant and diverse group of integral membrane proteins (Hubert et al., 2010) . They function as enzymes, receptors, structural and adhesion proteins, or regulators of vesicular traffic, transport, protein biogenesis and gene expression. The Membranome database has been recently created to provide information on more than 6000 proteins from six evolutionarily distant organisms, including structural and functional classification of proteins, their topology, domain architecture, subcellular localization, interactions, proteins complexes, experimental structures of water-soluble domains and computational 3D models of TM a-helical domains.
To perform various functions, TM a-helices of bitopic proteins frequently form homo-and heterodimers, or higher order oligomers. Due to structural instability, flexibility and heterogeneity of TM a-helical dimers, less than 30 three-dimensional (3D) structures of TM homodimers have been experimentally determined. Several computational methods can perform modeling of TM dimers on a proteomic scale, such as CATM (Mueller et al., 2014) , PREDDIMER (Polyansky et al., 2014) and TMDOCK (Lomize and Pogozheva, 2017) . The best performing method, TMDOCK, was shown to reproduce 26 experimental dimer structures of 21 bitopic proteins with r.m.s.d. below 3.3 Å . Here we applied TMDOCK to model TM homodimers for all proteins included in the Membranome database. Over 2100 potentially biologically relevant TM dimers were selected, compared with available experimental data and included in a new version (v.2.0) of the Membranome database to assist with modeling and structural and evolutionary analysis of bitopic proteins from diverse species.
2 Modeling, selection and verification of TM homodimers 3D models of parallel homodimers of TM a-helices of bitopic proteins were generated by the TMDOCK method which threads a target amino acid sequence through several structural templates, followed by local energy minimization with a novel force field. The method ranks the models based on the calculated Gibbs free energy of helix association (DG asc ) and other parameters. Multiple 3D models are generated to assess structural heterogeneity of dimers, which is an inherent property of bitopic proteins. More than 5600 homodimers with DG ass < -1 kcal/mol were generated by TMDOCK. The smaller set of 2129 potentially biologically relevant dimers was selected and included in Membranome (v.2.0) based on the following criteria: (i) negative helix association energy (DG ass < -1 kcal/mol); (ii) an adequate calculated hydrophobic thickness of the dimer; (iii) arrangement of highly polar residues at helix-helix interface to form interhelical hydrogen bonds; (iv) close packing of TM a-helices; and (v) conservation of the helix packing mode in a number of proteins from the same superfamily detected using supplementary software for pairwise superposition of multiple models and sequence analysis.
The included TM dimers were further verified for agreement with published experimental data on dimerization of 598 bitopic proteins (http://www.membranome.org/about.php?subject¼verification and Supplementary Tables S1-S6). These data include: (i) helix association modes proposed in NMR or mutagenesis studies of 52 dimers; (ii) evidence of direct TM helix association by TOXCAT or other methods for 185 additional proteins; (iii) crystal structures of homodimers of water-soluble domains of 123 more proteins; and (iv) publications on homodimerization of 238 additional proteins in UniProt annotations. For the set of 52 TM dimers with available structural information, we found only 6 cases of discrepancies between predicted models and experimental structures (Supplementary Tables S1, S2,  S6) . Therefore, the number of incorrectly predicted dimer structures is expected not to exceed 12%. Besides, 29 experimentally detected TM dimers were generated by TMDOCK, but not included in Membranome because they failed the selection criteria for potentially functional homodimers (Supplementary Table S6 ).
New content of Membranome 2.0
The Membranome 2.0 database contains 2129 TM a-helical homodimers of bitopic proteins from six species: Homo sapiens (1149 dimers), Arabidopsis thaliana (658 dimers), Dictyostelium discoideum (167 dimers), Saccharomyces cerevisiae (86 dimers), Escherichia coli (54 dimers) and Methanococcus jannaschii (15 dimers). We identified 109 protein superfamilies with frequent occurrence of TM dimers (Supplementary Tables S7, S8 ). Experimental studies supported the formation of TM dimers for 88 of these superfamilies. The number and percentage of TM dimers increase along the organism complexity. In multicellular eukaryotes, more dimers are localized in plasma membrane (75% in human) as compared to unicellular yeast (Supplementary Table S9) , where most dimers are located in organelles. The majority of these dimers are involved in signal transduction and cell communications. Most dimer-forming proteins from organelles participate in enzymatic processes. Two thirds of dimers from plasma membranes and only one third of dimers from organelles have right-handed helix arrangement through GxxxG-like motif (Supplementary Tables S7, S8 ).
Access to new data
Access to multiple 3D models of TM dimers in PDB format is provided through pages for corresponding proteins. Each page includes a static image produced by PyMOL and dynamic images of individual TM a-helices or their dimers in membranes that can be viewed by JMol. To allow interactive graphical representation of multiple TM dimer structures and their parameters, we implemented GLmol (Fig. 1) . The models of TM homodimers can be downloaded individually or as a single compressed file through 'Download Membranome files' page. A downloadable Excel file contains parameters of top-ranked models of TM homodimers.
The website provides public access to the TMDOCK server. It can be used for custom modeling of TM a-helical homodimers of proteins of interest (http://www.membranome.org/tm_server.php).
Incorporation of TM dimers of bitopic proteins in the database facilitates their comparison, verification, and interpretation in context of other data, including structural and functional classification, subcellular localizations, annotation, etc. To expand information for each protein, links are included to other resources, such as UniProt, InterPro, Pfam, PDB, OPM, STRING, KEGG and Reactome. 
